Background: Chromosomal instability in exfoliated urothelial cells has been associated with the development of bladder cancer. Here, we analyzed the accumulation of copy number variations (CNVs) using fluorescence in situ hybridization in cancer cases and explored factors associated with the detection of CNVs in tumor-free men.
Background
Chromosomal instability is a common feature of tumor cells, and has been associated with the development of bladder cancer [1, 2] . Alterations in the number of whole chromosomes can lead to chromosomal instability due to segregation errors [3] . For example, tetraploidization may result from a mitotic failure [4] , which can occur early in tumorigenesis and foster the accumulation of other forms of genomic instability [5] . Loss and gain of DNA in certain chromosomal segments can cause structural chromosomal instability.
Although the acquisition of genomic alterations has been recognized as a hallmark in the development of cancer, the sequence and role of specific alterations is less clear [6] . DNA amplification in regions hosting oncogenes or the loss of tumor suppressor genes would support the hypothesis that structural chromosomal instability is a driving event. However, aneuploidy has been also found to delay tumor development [7, 8] . Cells with mitotic failure could be eliminated to avoid an accumulation of genomic alterations [9] .
Genomic alterations have also been implicated in cellular senescence that accompanies aging [10, 11] . For specific forms of alterations, such as micronuclei, accumulation by age has been demonstrated [12] . Little is known, however, about the accumulation of DNA loss or gain at loci hosting cancer-related driver genes by age or during cancer development [4, 13, 14] .
Among the various methods to determine genomic alterations, fluorescence in situ hybridization (FISH) is commonly used to quantify copy number variations (CNVs), represented as DNA loss or gain at the sequences selected for hybridization [15] . UroVysion™ is an approved FISH assay for bladder cancer screening that detects DNA gain and loss of chromosomes 3, 7, and 17 and at the locus 9p21 in exfoliated urothelial cells [16, 17] . The UroScreen study was initiated to validate UroVysion™ and other tumor tests for the early detection of bladder cancer [18] [19] [20] [21] [22] [23] . For screening purposes, the extent of genomic alterations is commonly assessed as either positive or negative, and the wealth of CNV data in single cells is usually not documented.
To the best of our knowledge, UroScreen is the first prospective cohort study collecting serial pre-diagnostic samples from asymptomatic subjects, which was used to compile a CNV database with single-cell FISH results. We took advantage of this database to explore the accumulation of DNA gain or loss in serial pre-diagnostic samples from cases and to investigate factors associated with the detection of CNVs in exfoliated urothelial cells from tumor-free men.
Methods

Study population and data collection
UroScreen was a prospective screening study aimed to validate UroVysion™ and other tumor tests for the early detection of bladder cancer in 1,609 active or retired chemical workers. The study design and major results on the performance of tumor markers have been described elsewhere [18] [19] [20] 22, 23] . Here, we explored CNVs in about 200,000 exfoliated urothelial cells from 6,517 urine samples that were collected from 1,575 cancer-free men and 20 cases during voluntary annual screens between 2003 and 2010. A questionnaire was administered to document smoking history and other information. The ethics committee of the Eberhard Karls University of Tübingen, Germany, approved the study (No. 1/2003 V). All participants gave written informed consent.
Urine status and UroVysion™ assay
In freshly voided urine, creatinine was determined with the enzymatic test CREA plus® and leukocytes, erythrocytes and other parameters were quantified with Combur 10 Test® strips (Roche Diagnostics, Mannheim, Germany). Additionally, erythrocytes and leukocytes were detected microscopically in the cell segment as previously described [22] . Urine-status data were documented for 84% of all samples. CNVs were determined with the UroVysion™ assay according to the protocol of the manufacturer (Abbott Laboratories, Abbott Park, IL). In brief, about 25 to 30 morphologically suspicious cells were evaluated in each urine sediment [18] . The UroVysion™ Bladder Cancer Kit is composed of three centromere-specific probes (CEP 3, CEP 7, CEP 17) to capture aneusomy of chromosomes 3, 7, and 17, and the locus-specific indicator probe (LSI) to assess CNV at 9p21. The test was considered to be positive following the manufacturer's decision rule if ≥4 cells showed polysomy (CNV > 2) of ≥2 chromosomes (3, 7 or 17) or if ≥12 cells had no signal at 9p21 indicating loss of both alleles (CNV = 0).
Statistical analysis
We described the detailed distributions of DNA gain and loss in terms of CNV for chromosomes 3, 7, 17 and the 9p21 locus in about 200,000 exfoliated urothelial cells. For the cases, we assessed the accumulation of CNVs over time in serial pre-diagnostic samples and the occurrence of CNVs in urine samples collected after diagnosis of bladder cancer. In tumor-free men, we analyzed rate ratios (relative risk, expðβÞ) for the influence of age (<50 years as reference), smoking status (never, ever), haematuria, leukocytes and urinary creatinine (<0.5 g/L, ≥0.5 g/L) on the presence of CNVs with generalized estimating equation (GEE) models for repeated measurements [24] with Poisson distribution and log link function. The logarithm of the number of cells analyzed in the samples was used as an offset. Calculations were performed with SAS/STAT and SAS/IML software, version 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
Characteristics of the study population of former and active chemical workers Table 1 describes the study population of 1,575 tumorfree men and 20 cases who developed 21 bladder tumors between 2003 and 2010 (13 high-grade bladder cancers, 5 low-grade bladder cancers, and 3 papillomas). In this prospective study, one case was initially diagnosed with a papilloma, and subsequently with high-grade bladder cancer. The median age of tumor-free men was 62 years (range 27-90 years) in 2010. Cases were diagnosed at a median age of 67 years and included more ever smokers compared to non-diseased men (75% vs. 66%).
Distribution of copy number variations by subtype of bladder tumor
The distribution of CNVs in exfoliated urothelial cells in the year before diagnosis is shown in Table 2 , and is stratified by subtype of bladder tumor. Notably, not all subjects participated regularly in this annual voluntary screening program. In exfoliated cells from cases with papilloma, we detected no loss (CNV < 2) at 9p21, and only a small fraction of cells (1%-2%) with tetrasomy (CNV = 4) of chromosomes 3, 7, and 17. The samples from the low-grade bladder cancer cases contained 9%-11% cells with polysomy (CNV > 2) of chromosomes 3, 7, and 17, and 1% cells with loss of both alleles (CNV = 0) at 9p21. More cells with DNA gain (CNV > 2) and DNA loss (CNV < 2) were found in high-grade bladder cancer cases (16%-17% and 7.5%, respectively).
Temporal accumulation of copy number variations of chromosomes 3, 7, and 17 and at the 9p21 locus in exfoliated urothelial cells until diagnosis of bladder cancer Detailed information about the distribution of CNV in 2,111 exfoliated urothelial cells from cases with bladder cancer is shown in Table 3 . We detected only two cells with CNV = 1 of chromosome 17 in urine samples that were collected more than three years before diagnosis. Polysomy of chromosomes 3, 7, and 17 accumulated in up to 14% -15% of all cells in the year before diagnosis. Tetrasomy (CNV = 4) was the most frequently detected type of polysomy (6% to 8%) followed by trisomy (CNV = 3), which was observed in 4% -5% of all cells from the cases. Tetrasomy of all three chromosomes (3, 7, and 17) was observed in 3% of the cells in samples collected in the year before diagnosis, compared to only 0.3% in tumor-free men (data not shown). Notably, also few cells could be detected with loss (CNV < 2) of these chromosomes that are prone to gain. Loss of one or both alleles at 9p21 was seen in the cases as early as two to three years before diagnosis. Also, gain at 9p21 accumulated in up to 6% of all cells in the year before diagnosis, compared to the even lower fraction of 4% of cells showing a loss of both alleles at this locus. In screening rounds after diagnosis and treatment, the fraction of cells with polysomy of chromosomes 3, 7, and 17 dropped to 2.3% and DNA loss at 9p21 to 1.7%.
Factors influencing the detection of copy number variations of chromosomes 3, 7, and 17 and at the 9p21 locus in exfoliated urothelial cells from tumor-free men Table 4 shows the distribution of CNVs assessed with CEP 3, CEP 7, CEP 17, and LSI 9p21 in 188,911 exfoliated urothelial cells from tumor-free men. Overall, most cells were diploid. We observed DNA loss (CNV < 2) at 9p21 in 1.0% of all cells, and CNV > 2 at all four loci in about 1% of all cells. CNV = 4 was the most common type of DNA gain, found in 0.5% to 0.7% of all cells. We observed slightly more CNVs in cells from men ≥50 years of age compared to younger participants. For example, the fraction of cells with polysomy of chromosome 7 was 0.9% in men aged <50 years and 1.2% in men ≥50 years of age. The corresponding figures for age-related DNA loss (CNV < 2) at 9p21 were 0.8% and 1.0%, respectively. There was a small difference in DNA gain between never 
Low-grade bladder cancer (5 cases, 6 samples) and ever smokers. The fraction of cells with polysomy of chromosome 7 was 0.9% in never smokers and 1.1% in ever smokers. No such difference was observed for DNA loss at 9p21 (1.0% in both never and ever smokers). Although ever smokers aged ≥50 years had slightly more cells with CNVs than never smokers aged <50 years, the small difference (~0.5%) was not significant (data not shown).
In addition to the individual differences of each subject, urine density also influenced the detection of CNVs in exfoliated urothelial cells. Cells in the voided urine that had low creatinine content (<0.5 g/L) contained increased amount of both DNA gain and loss, compared with cells exfoliated into urine with creatinine concentration ≥0.5 g/L. The corresponding figures for cells with polysomy of chromosome 7 were 1.9% vs. 1.0%. Table 5 shows the effect estimates from a GEE model that examined factors which may influence the incidence of CNVs in cells from tumor-free men. A low urinary creatinine concentration had the strongest effect on detecting deviations from the diploid karyotype that was assessed as polysomy in at least one of the chromosomes 3, 7, and 17 or a DNA loss at the 9p21 locus (exp ðβÞ = 1.58 (95% confidence interval (CI) 1.34 -1.86) for creatinine <0.5 g/L as 
Discussion
DNA copy number variations in exfoliated urothelial cells from bladder tumor cases and tumor-free men
Genomic instability is a hallmark of cancer [25, 26] , where aneuploidy is a common feature of tumorigenesis (e.g. [4, 27] ). We assessed CNVs as numerical changes of the chromosomes 3, 7, and 17, and of the 9p21 locus in nearly 200,000 exfoliated urothelial cells from 1,595 male participants of the UroScreen study. In previous analyses, we qualitatively assessed the extent of CNVs as either a positive or negative result of the UroVysion™ test that is normally used for bladder cancer screening [18, 23] . Here, we quantitatively analyzed CNVs in order to explore the accumulation of CNVs during the development of bladder tumors in serial pre-diagnostic samples collected from cases. CNVs were rare three or more years before the diagnosis of bladder cancer and in exfoliated cells from papilloma cases. Loss of both alleles at 9p21 was detected as an early event but without further accumulation. In contrast, the fraction of cells with CNV > 2 continued to increase up to the time of diagnosis, with more cells affected in cases with high-grade than lowgrade bladder cancer. The extent of DNA gain but not of loss produced a positive result in the UroVysion TM test, usually not earlier than in the year before diagnosis [18, 19] . Also, urine sediments from tumor-free men contained about 1% cells with CNVs. We found slightly more affected cells in men ≥50 years old, and considerably more cells with CNVs in urine samples where the creatinine concentration was <0.5 g/L. The aneuploidy status of late-stage tumors provides little information about the temporal accumulation of genomic alterations during tumor development [10] . An inadequate supply of human tissues from early disease stages due to the lack of serial pre-diagnostic samples from prospective studies is a severe limitation for cancer research [28, 29] . The main advantage of UroScreen is the prospective design and a database compiling CNVs in all single cells that were measured with UroVysion™. This allowed us to assess the accumulation of CNVs until diagnosis of bladder tumor. A general limitation is the low incidence of bladder tumors in asymptomatic subjects [23, 30] . Further, the preference of morphologically aberrant cells for assessing CNVs according to the protocol of the manufacturer may overestimate the extent of genomic alterations [19, 23] .
Tetrasomy in the development of bladder cancer
Cancer is characterized by uncontrolled cell growth, where mitotic failure may occur, leading to tetraploidization as an early event in tumorigenesis [5] . Tetraploidy may therefore indicate a higher proliferation rate as well as failure of cytokinesis [5] . Affected cells do not accurately segregate whole chromosomes. The UroVysion™ assay allows the determination of aneusomy of chromosomes 3, 7, and 17 with three probes designed for centromere-specific sequences. Tetrasomy was the most commonly observed CNV in cases as well as in tumorfree men from UroScreen. In cases, we observed more cells with tetrasomy starting three years before diagnosis, compared to earlier samples or tumor-free men. The fraction of exfoliated cells with CNV = 4 increased by the degree of malignancy up to the time of diagnosis, reaching 2.4% in papillomas, 4% in low-grade bladder cancer, and 10% in high-grade bladder cancer. Notably, tetrasomy of these three chromosomes occurred in parallel in cells isolated from cases as well as from tumorfree men, indicating tetraploidy.
Aneusomy of chromosomes 3, 7 and 17 during cancer development
Tetraploid cells are prone to additional numerical and structural aberrations commonly defined as aneuploidy [27] , and other forms of genomic instability [5, 31, 32] . The fraction of cells with trisomy of chromosomes 3, 7, or 17 increased from 0.3%-0.4% in tumor-free men, and up to 4%-5% in cases with bladder cancer when approaching time of diagnosis. Also, CNV ≥5 occurred in cases with a maximum of 10 copy numbers detected in exfoliated cells. The amount of exfoliated cells that accumulated gains was higher in high-grade bladder cancer compared to low-grade bladder cancer, whereas aneusomy was not detected in cells from any of the papilloma cases. Monosomy was rare and showed no clear increase during cancer development. Former statistical analyses on the UroVysion™ data, which were performed to improve the tumor test, demonstrated that CNVs of chromosomes 3, 7, and 17 were strongly correlated [19] .
Deletion at 9p21 during cancer development
Besides alterations in the number of chromosomes, structural aberrations like the deletions of DNA sequences encoding tumor suppressors or other cancer-related genes may also occur during the development of cancer. For example, loss of cyclin-dependent kinase inhibitor 1B (CDKN1B) has been described in 23% of prostate cancers [33] . The 9p21 locus encompasses cyclin-dependent kinase inhibitor 2A (CDKN2A), encoding p16 and p14 [14] . Loss of 9p21 has been observed in bladder cancer and other malignancies (e.g., [34, 35] ) and is considered an early step in the progression of urinary bladder carcinogenesis [36, 37] . We confirmed an increased rate of homozygous deletions early in the development of bladder cancer. There was rarely a loss of alleles in papilloma cases. Cases with high-grade bladder cancer exhibited a larger percentage of cells with loss at 9p21 compared to those with lowgrade bladder cancer. In line with another study [38] , the extent of DNA loss at 9p21 observed in UroScreen was not sufficient to achieve positivity of the UroVysion test [19] . Weak signals of this probe may lead to false-negative results [38] . Whereas malignancy has been associated with a complete loss at 9p21, the impact of losing one allele is less clear [39] . We observed 1.5% cells with CNV = 1 compared to 4% with a complete loss of 9p21 in cases prior to the diagnosis of bladder cancer. The corresponding figures were 0.6% and 0.4% in tumor-free men, respectively. A loss of one allele may be combined with a mutation or hypermethylation of the other allele and, therefore, a complete loss of CDKN2A function cannot be captured by determining CNV alone [40] . However, point mutations or hypermethylation at this locus may not be frequent in bladder cancer [1] .
The distribution of DNA copy number variations in exfoliated urothelial cells from tumor-free men
To our knowledge, we explored the largest collection of FISH data in tumor-free subjects, although distributions of similar datasets have been previously published [41, 42] . More than 40% of all tumor-free men in UroScreen had at least one cell with at least one CNV in repeatedly collected urine samples. In line with a previous report [41] , we detected about 1% of cells with CNV > 2, mainly as tetrasomy. One explanation could be that some cells were in S or G2 phase of the cell cycle [41] . We detected a similar fraction of 1% of cells with CNV < 2 at 9p21. However, the observed loss of DNA at this locus was lower compared to other reports [41, 42] . A small number of cells with aneuploidy does not necessarily indicate cancer development as previously suggested [41] . In addition, assayspecific problems should be taken into account. For example, two overlapping signals may appear as one, or the hybridization of the probes was not efficient [41] .
The influence of age and smoking on the occurrence of DNA copy number variations
Age is the strongest risk factor for the development of cancer, with a steep rise of incidence after the age of 50 years. Aging may be accompanied by random alterations of the genome that could accumulate and increase the vulnerability for cancer-specific alterations [43] . Studies of the mitotic checkpoint regulator BubR1 demonstrated the association between age and aneuploidization [44] . We observed about 30% more cells with polysomy in participants aged ≥50 years compared to younger men. However, little is known about the age-related accumulation of CNVs in sequences encoding for tumor suppressors or oncogenes in humans. Cells with DNA loss at 9p21 seem not to accumulate with increasing age. It therefore appears plausible that the amplification or loss of cancer-related genes has a higher probability of leading to cancer than a "silent" alteration, which can accumulate during aging.
Although smoking is an established risk factor for developing cancer of the bladder [45] , little is known about the contribution of smoking to the development of chromosomal instability [13, 14] . We observed slightly more cells with CNVs in tumor-free men who reported having ever smoked, but this was of marginal significance. A more precise assessment of smoking behavior would be necessary to refine a potential effect of smoking on the development of genomic alterations.
Exfoliation of urothelial cells with copy number variationsalso a clearance mechanism?
During the assessment of the performance of the UroVy-sion™ test, we observed that considerably more aberrant cells were detected in urine samples from cases with a low creatinine content [22] . Here, we could demonstrate a similar and strong effect in this large group of tumorfree subjects. Approximately twofold more cells with CNVs were detected in diluted urine with creatinine concentrations <0.5 g/L. The interpretation of this effect is challenging. Assay-specific problems may occur in samples with higher cellularity [41] . Furthermore, low osmolarity in diluted urine may impair the hybridization efficiency of UroVysion™ probes. Another hypothesis is that urothelial cells with mitotic failure are exfoliated at a higher rate as a clearance mechanism in order to avoid the accumulation of genomic alterations in the target tissue [9] .
The instillation of urinary tract infections is increasingly applied as a form of effective immunotherapy to better eliminate cancer cells from the urothelium [46] . Cell death following aberrant mitosis or other damaging events may be initiated to avoid persistence of genomic instability [7] . Apoptosis and other senescence mechanisms can "clear" the target tissue from genomic alterations. The sensitivity of cancer cells to therapeutic agents might stimulate this clearance. We observed that in cases after diagnosis, the fraction of cells with CVNs was still twice the average level to those measured in tumor-free men. However, the exfoliation of damaged cells may also be explained by the high recurrence rate of bladder tumors indicating the development of a subsequent tumor.
Conclusions
We observed an accumulation of CNVs in exfoliated urothelial cells assessed with polysomy of chromosomes 3, 7, and 17 and loss at 9p21 during the development of bladder cancer in serial pre-diagnostic samples from cases. High-grade bladder cancer was associated with more DNA loss and gain than low-grade bladder cancer, whereas CNVs were rarely found in exfoliated cells from papilloma cases. CNVs were higher in cases as early as three years before diagnosis compared with tumor-free men, but the extent required for a positive UroVysion™ test is usually achieved no earlier than a year before diagnosis. This should be considered when using the test for the early detection of bladder cancer. We also observed elevated CNVs in screening rounds after diagnosis. Whether this indicates a recurrent bladder cancer or the clearance of the target tissue from damaged cells fostered by immunotherapy remains to be investigated.
